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MODIFICATIONS THAT {IMPROVE PERFORMANCE OF A DOUBLE ANNULAR
COMBUSTOR AT SIMULATED ENGINE IDLE CONDITIONS
by Donald F. Schultz

Lewis Research Center

SUMMARY

A testing ﬁrogram was undertaken to determine if the emissions of an idling en-
gine could be reduced by making simple combustor modifications. Three techniques
were tésted: radial fuel staging, the use of radial-inflow instead of axial-flow air
swirlers, and the optimizatid_n of fuel-nozzle spray”ahgle and differential pressure.
A double-annular ram-induction combustor designed for Mach 3.0 cruise was used
for these tests. Two test conditions, simulati'ng ground idle conditions for both low-
and high-compression ratio engines, wére used. |

Two significant results were obtained: (1) Combustion efficiency at both the
low and high idle conditions was significantly higher with radial fuel staging than
with combustion in both annuli. This improved efficiency caused a considerable de-
crease in the levels of idle emissions. (2) Radial-inflow air swirlers performed
much better than axial-flow swirlers, allowing stable operation at some low idle

points where combustion could not be maintained using axial-flow swirlers.

INTRODUCTION

An investigation was conducted to determine what improvements in exhaust emis-
sions might be effected by relatively simple modifications to a gas turbine engine
combustor. Two primary pollution exhaust emissions exist at ground idle: unburned
hydroéarbons and carbon monoxide., Oxides of nitrogen, the primary pollution emis-
gion at takeoff and cruise, is normally a secondary emission problem at idle.



Engine cycle has a significant effect on ground idle emissions. To meet the 1979
Environmental Protection Agency emissions standards (ref. 1) for hydrocarbons and
carbon monoxide, a 99 percent combustion efficiency is required at idle. Therefore,
a high-compression-ratio engine, with its higher inlet-air temperature and pressure
and resulting higher combustion efficiency at idle, has a significant advantage over
a low-compression-ratio engine in attempting to meet this standard. The high-
compression-ratio engine, however, has a much greater oxides of nitrogen emission
problem at takeoff and cruise than does low-compression-ratio engine.

At ground idle many low-compression-ratic engines have combustion efficiencies
as low as 60 percent, whereas most high-compression engines have about 90 percent
combustion efficiency at ground idle.

In this program several simple approaches were studied to determine by how
much ground-idle emissions could be reduced. The main effort is aimed at raising
combustion efficiency. A comparison was made of the effects of axial-flow and radial-
inflow air swirlers on combustion efficiency due to the significant differences at the
air~fuel interface between the two methods. Radial fuel staging was suggested be-
cause increasing fuel-nozzle pressure differential and increasing fuel-air ratio both
tend to increase combustion efficiency. Radial fuel staging permits twice the fuel
flow in a burning annulus for the same overall temperature rise compared with com-
bustion in both annuli. Radial staging also eliminates the adverse stress effects of
combustion in combustor sectors that leave alternately hot and cold sectors in the
combustor exit and turbine planes. Fuel-nozzle spray angle and fuel-nozzie differ-
ential pressure effects were studied to determine the magnitude of the second-order
improvements in combustion efficiency that might be obtained by optimizing them.
Additional information on fuel injection techniques is given in reference 2, which
gives dataon a 90° sector test of a double-annular combustor using air assist and air
blast fuel nozzles and compares their performances with each other and with simplex
fuel nozzles.

The combustor used for these tests was a double-annular combustor designed for
a large turbofan engine operating at flight speeds up to Mach 3.0 cruise. Two simu-
lated engine ground idle conditions were chosen for testing to demonstrate these ef-
fects on both low- and high-pressure-ratio engines.

Combustion efficiency was determined by both gas analysis and thermocouple
measurement. Data will be provided to show the effects of the described modifica-



tions on the exhaust emission of unburned hydrocarbons, carbon monoxide, and
oxides of nitrogen and their effects on exit temperature profiles, pressure loss, and
combustion efficiency. The investigation was conducted in a full-scale engine com-
ponent, connected-duct research facility at Lewis. The two test conditions have a
common reference velocity of 32 meters per second and a fuel-air ratio range of 0.008
to 0.012. One condition has an inlet temperature of 367 K and an inlet total pressure
of 20.2 newtons per square centimeter simulating a low-pressure-ratio engine; the
other condition has an inlet air temperature of 478 K and an inlet total pressure of
40.5 newtons per square centimeter simulating a high-pressure-ratio engine. Ideal
combustor temperature rises vary from 290 to 470 K over the fuel-air ratio range to
be tested.

Appendixes A and B give details concerning combustor design and instrumenta-
tion, and appendixes C and D contain the calculations and the definitions of the sym-
bols. Additional calculations and test facility details are given in reference 3.

APPARATUS
Combustor Description

This investigation was conducted using a double-annular, ram-induction combus-
tor designed for Mach 3.0 cruise. Figure 1 shows a cross section of the combustor.

A description of this combustor is given in appendix A.

Air Swirler Description

The radial-inflow and axial-flow air swirlers used in these fests are shown in
figure 2, Figure 3 shows the airflow versus differential pressure for both swirlers.
The swirler differential pressure was about 0.39 newton per square centimeter
at both the low and high idle test conditions. At this differential pressure both types
of swirler flow about the same amount of air at the same inlet pressure. It should be
noted that the data of figure 3 resulted from a calibration test made at ambient dis-
charge pressure with ambient temperature air. Therefore, these airflows must be
corrected for temperature and pressure when determining the exact swirler airflows

at the various test conditions.



Fuel Nozzle Description

Five sets of simplex fuel nozzles were used for these tests. Fuel nozzle spray
angles of 60°, 80°, and 90° were evaluated. Table I summarizes the fuel flow char-
acteristics for all the fuel nozzles used. All fuel nozzles were flow checked to en-
sure their flow was within 2 percent of their nominal value at their design flow pres-

sure.

Comparison of Radial-Inflow and Axial-Flow Air Swirlers

Figure 4 is a comparison of radial-inflow and axial-flow air swirlers showing
combustion efficiency at various fuel-air ratios at the low and high idle conditions.
This figure shows that the radial-inflow air swirlers were far superior to the axial-
flow swirlers although both types flow the same amount of air. Using the axial-flow
swirlers, ignition could not be obtained or combustion could not be maintained at
many low idle points. With radial-inflow swirlers, ignition and combustion were ob-
tained at all test points. As expected, combustion efficiency increased with increas-
ing fuel-air ratio at both low and high idle. Because of the superior performance of

the radial-inflow swirlers, they were used in the remaining tests reported herein.

TEST CONDITIONS

Two test conditions were chosen to be representative of idle conditions for low-
and high-pressure-ratio subsonic and supersonic fan engines. These conditions
will be referred to as low and high idle and are defined in table II. Fuel-air ratios
ranged from 0.008 to 0.012 to broaden the applicability of the data. Fuel-air ratio is
defined as total fuel flow injected divided by total airflow to the combustor. In the
case of radial fuel staging (fuel flow to only one of the two combustor annuli), the
same fuel flow that is supplied to both annuli at a given fuel-air ratio is then supplied
fo only one annulus. Thus, the local fuel-air ratio is double the overall fuel-air ra-
tio. Reference 3 gives details of the test facility and its operation. Appendix B dis-
cusses the instrumentation used during these tests including the gas analysis equip-
ment.



RESULTS

Table III is a list of test results for the low and high idle conditions. ASTM Jet A
fuel was used for all tests. Some figures show data at zero combustion efficiency .
These points indicate that blowout occurred and no ignition could be obtained at that
condition. No effort was made to improve the exit-temperature: distribution. Ta-~
ble IV shows performance at simulated takeoff and Mach 2.7 and 3.0 cruise with this
combustor for reference. The double figures under the "fuel-nozzle differential
pressure" column represent the fuel nozzle differential pressure in esch annulus
(Inner annulus, outer annulus). Both numbers are given as partial radial fuel stag-~
ing was used to improve the exit-temperature profile factor .

A FARR value (defined in appendix C) was used to determine gas analysis data
quality. An ideal FARR value is 1.0. All data that deviated by greater than 5 per-
cent are marked by a flag. -

Effects of Radial Fuel Staging

At idle operation, due to the low heat release rates, it is practical to operate the
combustor while supplying fuel to only one annulus. Figure 5 compares the maximum
exit temperatures encountered at low and high idle over the range of fuel-air ratios
tested using radial fuel staging. The figure indicates that maximum exit temperatures
of 1095 and 1355 K for low angd high idle, respectively, were obtained. These maxi-
mum temperatures were obtained while supplying fuel to the inner annulus. This
was also the fuel staging configuration that gave the highest combustion efficiency.
For comparison the maximum temperatures at takeoff and Mach 3.0 cruise for this
combustor are 1829 and 1564 K, respectively. ' -

The maximum average radial temperatures encountered at low and high idle over
the range of fuel-air ratios tested, while using radial fuel staging, were 1006 and
1182 K, respectively, for low and high idle. These tempefatures occurred with fuel
supplied to only the inner annulus. With fuel supplied to the outer annulus only max-
imum average radial temperatures were somewhat lower, which reflected somewhat
lower combustion efficiency. These numbers compare with 1507 and 1501 K for |

takeoff and Mach 3.0 cruise, respectively .



Combustion efficiency and emissions. - Combustion efficiency can be increased

significantly by use of radial fuel staging. This increase is most dramatic at the low
idle condition and at the lower fuel-air ratios at both idle conditions. Figure 6

shows the increases in combustion efficiency that are obtainable with radial fuel
staging. At low idle, with a fuel-air ratio of 0.008, the combustion efficiency in-
creased from 47 to 69.5 percent when fuel was supplied to the inner annulus only as
compared to supplying the same total fuel flow to both annuli. Part of this increase
in combustion efficiency (perhaps 5 percentage points) is due to increased fuel-
nozzle differential pressure, which gives better atomization of the fuel. A discussion
of this effect appears later. The remainder of the improvement is due to better burn-
ing from a richer fuel mixture.

Figure 6 also shows that at high idle combustion efficiency is higher with radial
fuel staging, but the difference in combustion efficiency between fuel flow in only
the inner or only the outer annuli is negligible. At an overall fuel-air ratio of 0.008,
combustion efficiency increased from 90 to 96 percent when radial fuel staging was
employed. Combustion efficiency also increased from 80 to 95.5 percent when the
fuel-air ratio was increased from 0.008 to 0.012 with fuel supplied to both annuli.

A 2-percentage-point increase in combustion efficiency was observed when the
fuel-air ratio was increased over the same range with radial fuel staging (96 to 98
percent) .

Emission indices for hydrocarbons and carbon monoxide are shown only for the
high idle condition because of the low combustion efficiencies encountered at low
idle. The hydrocarbon and carbon monoxide data at the high idle condition are
shown in figure 7. Figure T(a) indicates that radial fuel staging can give a fourfold
reduction in hydrocarbons emissions at a 0.008 fuel-air ratio; an emission index of
69 grams per kilogram of fuel for combustion in both annuli is reduced to 16 grams
per kilogram of fuel for combustion in the inner annulus only. In like manner carbon
monoxide emissions decreased from 130 to 78 grams per kilogram of fuel (fig. 7(b)).
Both hydrocarbons and carbon monoxide indices decreased considerably with in-
creasing fuel-air ratio. The hydrocarbon emission index decreased from 16 to 7.5
grams per kilogram of fuel with combustion in the inner annulus only when the fuel-
air ratio was increased from 0.008 to 0.012. In like manner the carbon monoxide
emission index decreased from 78 to 59 grams per kilogram of fuel with the same fuel-
air ratio change.



Figure 7(c) shows the variation in the oxides of nitrogen .(NOX} emission index
at various fuel-air ratios and the effect of radial fuel staging at high idle. This fig-
ure shows that NOX emission index can nearly double when combustion is sustained
in only one annulus. However, the maximum value of NOX emission index is still a
relatively low, 1.8 grams per kilogram of fuel. At low idle NOX emission index in-
creased only about 40 percent with radial fuel staging. Its value was nearly constant
over the fuel-air ratio tested and never exceeded 1.0 gram per kilogram of fuel.
This lower NOX value at low idle is due primarily to inlet-temperature and pressure
effects on NOX formation as well as the lower value of combustion efficiency.

Radial temperature profile. - Figure 8 shows the radial average temperature pro-

file present with radial fuel staging for the high idle condition. Exemination of this
figure shows there is little difference in profile severity between combustion in only
inner annulus or only the outer annulus. Figure 6 indicates that combustion efficien-
¢y in both cases was 98.0 percent. Of course, the temperature profile is least severe
with combustion in both annuli; however, the combustion efficiency was only 95.4
percent in that case.

Total pressure loss. - Radial fuel staging had no measurable effect on total-

pressure loss. Total-pressure loss was 7.2 percent at high idle (diffuser-inlet Mach
number, 0.281) and 9.8 percent at low idle (diffuser-inlet Mach number, 0.322).

.
N

Optimum Fuel-Nozzle Spray Angle

0, and 90° spray angles were evaluated at the two idle

Fuel nozzles with 60°, 80
conditions to determine the effect of spray angle on idle performance. Figure 9 shows
combustion efficiency as a function of fuel-nozzle spray angle at various fuel-air ra-
tios for the low idle condition. In addition, radial fuel staging with combustion only
in the inner annulus was used. Data obtained without radial fuel staging and with
fuel flow only to the outer annulus gave similar results.

An examination of figure 9 shows that the highest combustion efficiency is ob-
tained with a fuel-nozzle spray angle of about 80°. Unburned hydrocarbons, as ex-
pected, reached minimum values at points where combustion efficiency peaked. Car-
bon monoxide emissions index increased with increasing fuel-nozzle spray angle at
low idle from an emissions index of 175 grams per kilogram of fuel at 60° spray angle
to 250 grams per kilogram of fuel at 90° spray angle, but decreased slightly from

, : _ . ,



85 grams per kilogram of fuel at 60° spray angle to 80 grams per kilogram of fuel at
90° spray angle at high idle. In both cases combustion was in the inner annulus
only at a fuel-air ratic of 0.008. Thus a spray angle of 60° gave a minimum carbon
monoxide emissions index at low idle, and a spray angle of 90° gave a minimum car-
bon monoxide emissions index at high idle. However, at highidle the difference in
carbon monoxide emissions index at 80° and 90° fuel-nozzle spray angle is negligible.
Thus, an 80° fuel-nozzle spray angle seems to be optimum in nearly all respects. It -
was also found that the NOx emission index minimized at an 80° spray angle at the
high idle condition but maximized at 80° spray angle at low idle. In both cases,
however, the NO emission index is low, reaching a maximum of 1.68 grams per
kilogram of fuel at high idle and 1.05 grams per kllogram of fuel at low idle with a
spray angle of 80°

Effect of Fuel Nozzle Differential Preséure'

At the low and high idle conditions combustion efficiency increased with increas-
ing fuel nozzle differential pressure over the entire fuel differentiel pressure range
tested (12 to 755 N/cmz) . Three sizes of fuel nozzles at the same spray angle were
tested. At low idle with a fuel-air ratio of 0.012 and a combustion in both annuli,
combustion efficiency increased from 8 to 62 percent as fuel-nozzle differential pres-
sure was increased from 10 to 300 newtons per square centimeter. However, little
improvement in combustion efficiency is gained at fuel-nozzle differential preséhrés

greater than 350 newtons per square centimeter .

DISCUSSION

Comparison of Radial-Inflow and Axial—?low Swirlers

The significant improvement in performance of the radial-inﬂow swirlers over
that of the axial-flow swirlers is most likely a result of the immediate contact of the
fuel with the turbulent swirled air as it leaves the fuel nozzle. In the case of axial-
flow swirlers, the fuel traveled perhaps 6 or 7 millimeters before coming into contact
with the turbulent air stream. This delay in contact with the turbulent air stream

allowed carbon to build up on the fuel nozzle face. This carbon buildup oceasion-
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ally caused fuel streaking, which ended after a few minutes when the carbon broke
loose. This occasional fuel streaking sometimes caused the pattern factors to nearly
double, This problem was never encountered with the radial-inflow swirlers. Per-
haps a different design for the axial-flow swirlers would overcome their short

comings.

‘Radial Fuel Staging

The EPA standards translate approximately into an emission index of 20 grams
per kilogram of fuel for carbon monoxide and 4 grams per kilogram of fuel for un-
burned hydrocarbons. The best results with radial fuel staging in this combustor
indicate emissions indices of 59 and 7.5 grams per kilogram of fuel for carbon mon-
oxide and unburned hydrocarbons, respectively, at the high idle conditions. These
values were obtained with 2 moderate fuel nozzle differential pressure of 124 newtons
per square centimeter. A serious probiem with the double-annular combustor design
in this size (outer shroud diameter, 94 cm) is the relatively narrow annulus heights
of 55 and 65 millimeters for the outer and inner annuli, respectiveiy. The perfor-
mance was equal or better in all cases with combustion in the wider inner annulus
than in the outer annulus. In all likelihood, as combustor diameter is increased,
combustion efficiency will increase as well. Air assist and air blast fuel nozzles
(ref. 2) are other alternatives that"'éibuld help combustors such as a-double annular
combustor meet the EPA standards at least at the high idle condition.

It is obvious that there is little hope of reducing the low-idle-condition emissions
enough for this combustor to meet the EPA standards. It is extremely difficult for
any combustor design to perform adequately ina low-compression-ratio engine of
this size because of the low combustor-inlet-air temperature and pressure and the

low exit-temperatures involved.

Fuel-Nozzle Spray Angle

' Fuel;n02z1e spray angle, théugh a se‘condary efféct did have a small ihﬂuénce
on combustion efflclency at the low idle condition . Fuel ~nozzle spray angle could
likely be used to trim an engine into specification that nearly meets the EPA stan-
dards since carbon monoxide emissions index was inversely proportional to fuel-



nozzle spray angle and unburned hydrocarbons tended to minimize at an 80° spray

angle.

Fuel-Nozzle Differential Pressure

Combustion efficiency tends to increase with increasing fuel-nozzle differential
pressure. This increase results from the fact that increasing pressure decreases
fuel droplet size, thus causing the fuel to vaporize and burn faster. As inlet-air
temperature increases, the improvement in combustion efficiency is minimized for
increased fuel pressure because the inlet-air temperature becomes a more signifi-
cant factor in fuel vaporization than fuel atomization. Also, the smaller the fuel drop-
lets, the less chance they have of contacting the combustor liner before they are
burned. Thus, combustion efficiency is increased because the burning droplets are
not quenched by coming into contact with the liner walls. There is evidence that
oxides of nitrogen may either increase or decrease with increasing fuel nozzle dif-
ferential pressure. This increase or decrease is a second-order effect that is appar-
ently a function of primary-zone fuel-air ratio.

SUMMARY OF RESULTS

Full-scale tests were conducted on a short, double-annulsr, ram-induction com-
bustor to determine the effects on combustor performance at ground idle of relatively
simple modifications to an engine combustor that could reduce exhaust emissions dur-
ing idle. Four concepts were tested at conditions simulating both a low- and a high-
pressure-ratio engine.

The following results were obtained in this study:

1. Radial-inflow air swirlers were superior to axial-flow swirlers. At many of
the test points obtained with radial-inflow swirlers, combustion could not even be
maintained with axial-flow swirlers.

2. Radial fuel staging gave a fourfold reduction in hydrocarbon emissions at a
0.008 fuel-air ratio, at the high idle condition. Both carbon monoxide and hydrocar-
bon emissions indices decreased significantly with increasing fuel-air ratio.

3. Combustion efficiency increased significantly with radial fuel staging over

that for combustion in both annuli. The greatest increases in combustion efficiency
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occurred with combustion in the inner annulus only.

4. The oxides of nitrogen emissions index increased when radial fuel staging was
used. -

5. Radial average exit temperatures reached acceptable values of 1006 and
1182 K at low and high idle, respectively, and the maximum radial exit temperatures
reached acceptable values of 1095 and 1355 K for the Jow and high idle conditions,
respectively, when combustion was maintained in only one annulus at an overall fuel-

air ratio of 0.012.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, July 25, 1974,
501-24,
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APPENDIX A ;

COMBUSTOR DESIGN ,/

The Double-Annular Concept

The combustor used in this investigation is a double-annular ram-induction com-
bustor. The ram-induction concept of combustor construction is discussed in ref-
erences 3 and 4. Constructing the combustion zone as a double annulus permits a
shorter combustor while maintaining an adequate ratio of length to annulus height in
each combustion zone. The individual control of the inner and outer annulus fuel
systems of the double-annular combustion zone provides a useful method for adjust-
ing the outlet radial temperature profile. This individual fuel control can be extend-

ed to include radial fuel staging, which is useful at engine idle conditions.

Combustor Design Details

The double-annular, ram-induction combustor including the diffuser section used
for this investigation is shown in cross section in figure 1. Forward airflow spread-
ers in the diffuser split the inlet airflow into three passages leading into the combus-
tor. These are the inner liner passage, the outer liner passage, and the center pas-
sage. About 50 percent of the airflow is ducted by shrouds surrounding the outside
of both the outer and inner liners of the combustors. The high velocity airfiow which
is maintained from the diffuser inlet through this ducting is turned into the combus-
tor burning zones by means of the scoops. The first row of scoops supplies air to
the primary zone, and the second row supplies diluent air to the secondary zone.

Basic dimensions for this combustor are shown in figure 1. The diameters are
essentially those of the combustor for the Pratt & Whitney Aircraft experimental sup-
ersonic transport engine (JTF 17 (ref. 4)). However, the diffuser-combustor over-
all length of the double-annular combustor is about 30 percent shorter than that used
in the JTF 17 engine. :

Photographs of the combustor are shown in figure 10. Figure 10(a) shows the
downstream end with the two circumferential rows of scoops of the inner and outer
liners and those of the center section. Figure 10(b) is a closeup of this same view

showing more detail of the scoop arrangement. The fuel nozzles and associated
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swirlers are removed, but the deflectors for cooling the inner and outer headplates
are shown at the nozzle locations. A side view of the combustor with the upstream
diffuser airflow spreaders and inner exit transition liner added to the combustor is
shown in figure 10(c). The notches in the airflow spreaders fit arcund the diffuser
struts. The combustor is pin mounted 'thrbﬁg‘h the struts using tangs attached to the
inner and outer headplates that extend forward into the airflow spreaders.

The major items in the combustor design are listed in table V. The circumferen~
tial locations of combustor cpmpdnents such as scoops, fuel rozzles, and diffﬁser '
struts dre shown in figure 11. The flow areas as distributed among the many opeh—l
ings (scoops, film cooling, swirlers, etc.) are given on the combustér sketch of fig-
ure 12. The scoop discharge areas with length and width dimensions are listed in
table VI. o ' ) ' ' '

13



APPENDIX B
INSTRUMENTATION

Measurement Methaods

Measurements to determine combustor operating and performance were recorded
by the Lewis central automatic data processing system (ref. 5). Control room read-
out instrumentation (indicating and recording) was used to set and monitor the test
conditions and the operation of the combustor. Pressures were measured and record-
ed by the central digital automatic multiple pressure recorder (DAMPR) and by
strain-gage pressure transducers (ref. 6). Iron-constantan thermocouples were
used to measure temperatures between 140 to 675 K, Chromel/Alumel thermocouples
measured temperatures between 240 and 1560 K. High temperatures, 275 to 1920 K
were measured with platinum-13 percent-rhodium/platinum thermocouples. The
indicated readings of all thermocouples were taken as true values of the total tem-
peratures. The platinum-13 percent-rhodium/platinum thermocouples were of the
high-recovery aspirating type (ref. 7, type 6).

Airflow rates were measured by square-edged orifices installed according to
ASME specifications. Fuel flow rates were measured by turbine flowmeters using

frequency-to-voltage converters for readout and recording .

Instrumentation Stations

The locations of the combustor instrumentation stations are shown in figure 1.
Inlet-gir temperature was measured by eight Chromel/Alumel thermocouples that
were equally spaced around the inlet while inlet air total pressure was measured by
eight five-point total pressure rakes. The pressure rakes measured the total pres-
sure profile at centers of equal areas across the inlet annulus. Static pressure at
the inlet was measured by 16 wall static pressure taps with 8 on the outer and 8 on
the inner walls of the annulus at station 3.

Combustor-outlet total temperature and pressure at instrumentation station 4 were
measured at 3° increments around the exit circumference. At each measurement lo-

cation, five temperature and pressure points were measured across the annulus.

14



The water-cooled probe assembly contained five temperature and pressure sensors.
A detail of this probe is shown in reference 3. Those areas of these probes that
were exposed to the hot exhaust gases were made of a platinum-rhodium alloy. Al-

80 located at station 4 were eight wall static pressure taps.

15



APPENDIX C

- CALCULATIONS

This appendix provides infortﬁatioh on the computation of combustion efficiency
by thermocouple measurement and by exhaust gas analysis. Combustion efficiency
computed by thermocouple measurement was used only when the combustion effi-
ciency computed by gas analysis was less than 75 percent. Reference 3 details the
computations of reference velocity, diffuser-inlet Mach number, total-pressure loss,
and exit-temperature profile parameters of pattern factor, stator factor, and rotor

factor. !

r

/

Combustion Efficiency by Thermocouple Measurement

Efficiency by thermocouple measurement was determined by dividing the meas-
ured temperature rise across the combustor by the theoretical temperature rise. The
theoretical rise is calculated from the fuel-air ratio, fuel properties, inlet-air temp-
erature and pressure, and the amount of water vapor present in the inlet airflow.
The exit temperatures were measured with five-point traversing aspirated thermo-
couple probes and were mass-weighted for the efficiency calculation. The indicated
readings of all thermocouples were taken as true values of the total temperatures.
The mass-weighting procedure is given in reference 4. In each mass-weighted av-
erage, 585 individual exit temperaiures were used.

Combustion Efficiency by Gas Analysis and Sample Validity

Efficiency by gas analysis was determined by measuring the exhaust products of
carbon dioxide, carbon monoxide, and unburned hydrocarbons. The derived com-
bustion efficiency was validated by determining the combustor fuel-air ratio from
the exhaust analysis. This fuel-air ratio was compared with the metered fuel-air
ratio by dividing the metered ratio value into the gas analysis ratio value. This fuel-
air ratio ratio, FARR in the data (table III) is defined as:

16



_ Fuel/Air-(gas analysis)
FARR =
RR Fuel/Air (metered)

FARR values of 1.0+0.05 were considered acceptable. Nearly all data fall in this’
range. )

Units

The U.S. Customary system of units was used for primary measurements and cal-
culations. Conversion to SI units (Systéme International d'Unites) is done for
reporting purposes only . In making the conversion, consideration is given to im-
plied accuracy and may result in rouhding off the valple's, expressed in SI units.

17
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TABLE 1. - FUEL NOZZLE CHARACTERISTICS

[Differential pressure, 103 N/cmz; 64 nozzles, |

Nozzle Spray angle Flow,
deg kg/sec
H4 60 0. 945
H5 60 . 841
H6 60 . 855
H3 80 .85
H2 90 .82

TABLE II, - TEST CONDITIONS - ENGINE IDLE

Engine inlet air conditions Ref- Fuel-air
pressure erence ratio
ratio Total Temper- | Flow rate, velo range
pressu;e ature, kg/sec city,
N/em K m/sec
Low 20, 2 370 26.3 32.0 0.008-0.012
High 40.% 475 40.4 32.0 |0.008-0.012
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TABLE TII. - SUMMARY OF TEST DATA

Run | Model Diffuser {nlet Refer-| Air | Annuli-|¥yel-| Combua-|Pattern| Fuel |Combus-|{ Fuel Inlet Exhaust emigsion, Fuel-{ Type | Fuel |Combus-
ence | weipht|supplied| air | tion ef- | Iactor (temper- | tor total [ nozzle Mach g/kg fuecl air of nozzle| tion
Total Temper- veloci- []9W| with |catio, | ficiency, E ature, |pressure| difler- | pumber, ratio jswirlerangle, effi-
pressure, [ ature, ty, w, fuel | F/A T Ther loss, ential My Oxides | Hydro-| Carbor 1.4, deg | ciency,
Pry T3, Vier |kg/sec percent X AP/Py |pressure, of  jearbons| monoxide| p ipg Teer
N /om® K m/sec {a) percent | 1/em? nitrogen percent
(b}
844 [10-RHES| 20.29 IT0 31,94 | 26,22 Tner jo,008| 66.3 | 1.303 292 9,58 25, 8 0.328 | mmmem | mmmmm | mmmem | mee- Radial | HS
845 20.27 369 31,51 | 26,24 Tnner }.0101 72.2 1, 266 292 9.52 JB. B . 324 0,38 [41.9 188.5 |0.90 60 gr. 4
846 20,15 32,15 1 26,28} ner Y0121 T7.6 | 1.289] 201 9.78 56.3 B e B e -
847 20,12 32.28 | 26.33] Both ] 0081 39,3 1,002 292 9, 45 7.17 .a27 .32 103, 8 177, 5 .84 85.5
848 20,12 32.10 | 26.29 .08 42,5 L679 | 282 9. 41 8, 88 I I BEEECE T EREEE —ee-
854 41,02 474 31.41 | 40.58 .oog 88,0 ,232 | 290 B. 87 14,48 L2756 1.10 82.9 g99.8 }1.03 89. 4
856 40,56 475 31,91 | 40,86 .01 92,7 226 | 290 6.82 22,7 .279 1,35 52. 8 95.8 |1.01 92.5
857 40,97 476 31.57 | 40,57 .o1g 95, 9 285 | 280 B.BY 32,8 275 1.48 0.7 82,4 [1.00 1 95,0
1023 |10-RH2| 20.00 369 32,71 | 26,50 | Iner [.008L| BB.9 |1.108 | 2054 10.12 26.5 332 a0 241,0 | 2467 |L.05 90 70.1
1024 20,02 369 32.65 | 26,46 | Inner |, 0121 70,2 1,127 294 10,2 40,5 .331 .42 234.9 257.4 |1.04 70,5
1025 19.98 370 32.72 | 26.45| mnner [ o121] 72,1 |1,t32 294 10, 36 59, 4 .a32 LT 223,1 | 233.7 .95 1 72.2
1073 [10-RHE3| 20,44 368 31.45 | 26.12| Both [ C123% 7.9 . 2586 315 9.5 13.29 . 3180 .62 184.0 [ 2118 | .99 80 75.6
1075 20. 22 387 31,98 | 26,25| Both |.o081| 46.9 . 854 02 9.55 6,44 . 3242 72 4231 { 1gd.7 .06 53.4
1076 20, 32 367 31.7t | 28.16| BReth [.0102| 58.5 460 | 299 9.58 8,77 . 3211 .69 332.5 | 2052 .97 61.9
1078 20,43 369 31,45 | 26,08 Outer [.0081] 62.6 [1.180 | 298 9,38 23.38 3182 , Bg 289.3 | 226,1 (1.03 65.8
1079 20, 30 370 31,84 |26, 14 LoDl {  67.8 |1.081 207 9,65 37.83 . 3220 . B4 242.2 | 232,77 |l.00 70. 3
1080 20.35 370 31,74 | 26,13 Lo10t] 67.7 | 1.114 | 297 9.64 37.78 . 3210 JB6 - | 241.4 7 2258 [ .97 70.6
1081 20, 36 370 31.70 | 26.13 .01238 68,1 1,162 296 9.70 49,71 . 3207 .79 216, 8 275.3 .95 73.1
1082 20, 28 369 31.78 | 26.19 | TInner [, 0081| 69.5 |1.085 9.65 21,78 3224 | 1.02 262.8 | 212,17 .98 68.8
1085 20,48 365 81.30 126,30 | Tmner |.0101 4.9 1,104 9.52 35, 36 . 3182 .98 223. 4 223.7 .9 72.4
1087 20. 33 364 31,53 | 26.35| Taner |[.0l21| 78.5 985 9, B5 51,97 .3213 | .86 137.6 { 2143 | .91 81.2
1099 40, 53 477 32.84 ; 4142 Both ], 0070 89,4 . .28B3 29% T.33 15,51 , 2863 .n B8. 8 130,9 .99 90.1
1090 40, 39 479 32.26 |'40.64] Both |.01 | 93.8 | .234 | 208 7.14 21,77 .2817 , 94 42.1 118.3 [ o8 43.1
1091 40,49 497 32,03 | 40,62 Both |, 012 96, 6 234 298 7,14 31, 50 2802 | 1.18 23,4 98,3 | .98 . 95. 4
1092 40,16 a7 32,41 | 40,75 Tnner [.0079| 99.8 243 297 7.19 53. 58 .2889 | 1.29 16.0 781 .98 96, §
1093 ' 40, 49 77 32,00 | 40,56 .ol 104, 0 .890 | 298 7,08 86. 19 L2799 | 1,47 2.1 68,3 | .95 97.5
1095 |10-RH3| 40, 47 475 31,82 | 40.48 L0118 | 102.4 914 298 7.18 124, 30 Lot | 187 7.5 59.3 .95 47.9
1096 4p, 32 478 32.16 | 40.53 L0101 100, 8 903 | 299 7.20 88, 53 2812 | 1.867 7.1 66.0 .97 97.7
1097 40, 82 31.86 [ 40,45 Outer 93, 2 .B93 | 209 7.06 o1, 84 L2784 | 1.82 10.7 1.4 .98 97,3
1098 4D, 33 l 32.21 [ 40.60| Quter | Q08 92,0 744 299 7.10 58, 14 L2817 | 1.56 19.4 88,2 |1.01 96,0
1099 4p, 41 32.11 [ 40.55 [ Outer [ 012 94,0 .968 | 287 7.22 132,03 L2806 | 1.83 7.2 64,4 .85 97. 8
1120 19.93 365 32,00 | 26,13 | Both |, 0081 3.5 1.057 206 9.16 4. 48 .324 36 482, 8 137.1 .87 60 48.5
1121 19. 85 363 32.08 | 28,22 L0101 | 44,9 (10120 | 201 9,30 1.26 326 .34 397.2 | 160,8 .83 ' 56.5
1128 20,02 370 32.88 | 26.66 Larie | so0.7 .53g | 298 10,0 10,48 .332 .93 280.6 | 207.5 L9 67.1
1260 |10-AHB| 20,07 377 33.14 | 26.41 12 8.9 |[65,11 299 8.66 12.94 = R e e -----| Axial -——-
1264 39.95 478 32,04 | 39,97 .oesl | 721 535 | 298 5.29 14,27 279 315 | 215 215 1,004 74,9
1266 39.70 475 32.25 | 40,38 .01 815 .48 298 6,49 22,29 282 684 | 146 146 .982 82.2
1267 49,07 474 32.03 | 40.40 012 89.17 .51 6. 57 32,28 . 280 822 | 126 126 . 963 Y F 88.9
2By thermocouple measurement,

y gas analysis,




TABLE 1V, - PERFORMANCE AT SIMULATED TAKEQOFF, MACH 2,7, AND 3.0 CRUISE OPERATION

[Fuel nozzle, H3; radial air swirlers, |’

Run Simulated Inlet air conditions Combustor operating conditions
flight - -
condition Total Total | Atrflow, Diffuser | Reference | Fuel-air | Average | Inlet | Fuel nozzle
pressure, |tem- | kg/sec inlet velocity, ratio outlet fuel [ differential
N’,z’(:m2 abs | per- Mach m/sec temper-{ tem- | pressure,
ature number, ature, per- N,r’cm2
K Mg i ¢ ature,
K
324 | Takeoff 62,3 587 50.5 . 0. 249 3.9 0.0252 1476 292 1213.6,/229.5
223 |Mach 2.7 cruise 41.4 849 33.8 .30 46.4 .0182 1462 293 | 60.5/43.4
319 |Mach 3.0 cruise 61.6 896 49.0 . 312 47,7 .0173 1478 296 91.4/97.5
Run Simulated Combustor performance characteristics
flight -
con dgition |. Pattern factor, | Stator factor, | Rotor factor, | Combustor | Combustor { Combustion
5 8 : 5, average ‘pressure | efficiency,
temperature loss, Mer
rise, percent percent
X :
324 | Takeoff 0. 397 0. 382 0,014 889 5.79 102, 9
223 | Mach 2,7 cruise| . . 202 . 2B7 . 056 613 8.25 160.1
319 | Mach 3, 0 cruise . 147 . 215 «. 097 582 8.33" 101, 1
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TABLE V. - DOUBLE-ANNULAR RAM-INDUCTION

COMBUSTOR DIMENSIONS AND SPECIFICATIONS

Length:

Compressor exit to turbine inlet, cm . . . . 51.5

Fuel nozzle face to turbine inlet, ¢mn . . . . 30.5
Diameter:

Inlet outside diameter, cm. . . . . . . .. 80. 77

Inlet inside diameter, ecm . . . . . . . . .. 1.1

Outlet outside diameter, em . . . . . . . . . 89.9

Qutlet inside diameter, em. . . . . . . ... 69,9
Shroud:

Outside diameter, cox ., . . . . . . ... .. 94, 2

Inside diameter, em . . . . . . . ... ... 57.2
Reference area (between shrouds), em? . . 4270
Diffuser inlet area, em2 . . . . . .« . .. .. 1177
Open hole area (including cooling), cn12 ... 1571
Flow spreader inlet area:

Outside diameter passage, em? . ... ... 348

Center passage, em?. ... 785

Inside diameter passage, cm2 ........ 339
Exit area, cm2 ................. 2503
Number of fuel nozzles and swirlers. . . . . . . 64
Number of diffuser struts. . . . . . .. ... .. 16
Number of ram-induction scoop . . . . . . . . . 256
Number of primary zone scoop rows. . . . . . . . 1
Number of secondary zone $COOp Fows. . . . . . . 1
Ratio length to anmalus height:

Outer annulus. . . . . . . - . . . . - . . .. 4.8

Inher anmulus . ., . . . . . & « . o @ 4 ..o - 3.9

TABLE VI, - SCOOP AREAS?® AND SIZES FOR DOUBLE-

ANNULAR RAM-INDUCTION COMBUSTOR”

Type of scoop Discharge area, | Length, | Width,
cm2 cm cm
Outer liner primary 122,73 1.979 3,835
Outer liner secondary 218, 64 2.637 2,591
Quter center shroud 122. 85 1,981 1,938
primary
Quter center shroud 109,03 1,295 3,407
secondary
Inner center shroud 122, 85 1.981 1,938
primary
Inner center shroud 109, 03 1. 295 3. 407
secondary
Inner liner primary 122, 35 2.07 1, 847
Inner liner secondary 219,25 3.31 2.07

BAll areas are acteal area for full annulus.
Psee fig. 1.
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Figure 1, - Cross section of double-annular ram-induction combustor. (All dimensions are in cm. )
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Figure 2, - Detail of the radial inflow and axial flow air switches.
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Figure 3, - Comparison of airflow and swirler differential pressure for the
radial-inflow and axial-flow swirters. Discharge pressure, 9.9 newtons
per square centimeter, .
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Figure 4. - Combustion efficiency as function of fuel-air ratio comparing radjal inflow and
axial flow alr swirlers, Fuel nozzle spray angle, 60°,
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Maximum combustor exit temperature, K
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(a) Low idie; inet tola! pressure,
20. 2 newtons per square centi-.
meter; inlet temperature, 370 K;
reference vetocity, 32 meters per
second,
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{b} High idle; indet total pressure,
40, 5 newtons per sguare centi-
meter; inlet femperature, 475 K;
reference velocity, 32 meters per

second.

Figure 5, - Maximum combustor exit temperature as function of fuel-air ratio. .
showing effect of radial fuel staging at both low and high idle. Radial-inflow -

air swirlers; fuel nozzles H3.
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Figure 6. - Comtustion efficiency as function of fuel-air ratiorshowing effect
of radial fuef staging at low and high idle. Fuel nozzles, H3. reference ve-
lacity, 32 meters per second.
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Figure 7, - Emissions index as function of fuel-air ratio. High idle conditions: inlet total pressure, 40,5 newtons per sguare
centimeter; inlet temperature, 475 ¥; reference velocity, 32 meters per second,
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Figure 8. - Variation cf exit average radial temperature
profile with radial fuel staging. High idle conditions;
fotal pressure, 40.5 newtons per square centimeter;
inlet temperature, 415 K; reference velocity, 32 meters
per second; fuel-air ratio, 0.012,
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Figure 9. - Combustion efficiency as funiction of fuel
nozzle spray angie showing effect of fuel-air ratio.
tow idle conditions: inlet total pressure, 20.2 new-
tons per square centimeter; inlet temperature,

370 K; reference velocity, 32 meters per second.
Radial-inflow swirlers; fusl to inner annulus enly,
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{c) Side view (outer transition liner removed).

Figure 10, - Double annular ram-induction combustor.
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O Primary scoops
[0 Secondary scoops
() Fuef nozzle locations

Q Diffuser struts

Figure 1i. - Circumferential arrangement of combustor scoops and fuef nozzies,

Figure 12. - Effective flow area distribution for double-anntlar ram-induction combustor, Swirler discharge
caefficient, 0,50; hola discharge coefficient, 0.62; scoops and slot discharge coefficient, 1.00; totat area
2

(effective), 1571 square centimeters. {All areas are based on a full annulus with units of cm®.)

E-7960

NASA-Langley, 1874
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